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Bacteriophage  has been extensively studied, and the abundance of genetic and biochemical information available makes
this an ideal model system to study virus DNA packaging at the molecular level. Limited in vitro packaging efficiency has
hampered progress toward this end, however. It has been suggested that limited packaging efficiency is related to poor
activity of purified procapsids. We describe the construction of a vector that expresses  procapsids with a yield that is
40-fold greater than existing systems. Consistent with previous studies, packaging of a mature  genome is very inefficient
in vitro, with only 4% of the input procapsids utilized. Concatemeric DNA is the preferred packaging substrate in vivo, and
procapsids interact with a nucleoprotein complex known as complex I to initiate genome packaging. When complex I is used
as a packaging substrate in vitro, capsid utilization is extremely efficient, and 40% of the input DNA is packaged. Finally, we
provide evidence for a packaging-stimulated ATPase activity, and kinetically characterize this reaction quantifying theKey Words: bacteriophage lambda; virus assembly; DNA
INTRODUCTION
The developmental pathway for a number of double-
stranded DNA (dsDNA) viruses involves the assembly of
macromolecular structures into an infectious viral parti-
cle (Black, 1989; Catalano, 2000; Earnshaw and Casjens,
1980; Roizman and Sears, 1996). One of the final steps in
virus assembly is the insertion of viral DNA into the
confines of a preformed, empty capsid, a process known
as DNA packaging. Similar packaging mechanisms have
been proposed for viruses as distinct as poxvirus, her-
pesviruses, and many of the dsDNA bacteriophage
(Black, 1989; Catalano, 2000; Roizman and Sears, 1996).
Bacteriophage  has been extensively studied, and the
wealth of genetic and biochemical information available
make this an ideal model system to study genome pack-
aging in the dsDNA viruses (Hendrix et al., 1983).
Phage  development has been recently reviewed
(Becker and Murialdo, 1990; Catalano, 2000; Feiss, 1986).
Infection initiates with the “injection” of viral DNA into the
Escherichia coli host cell. The linear 48.5-kb dsDNA ge-
nome circularizes via 12 base single-stranded extensions,
or cohesive ends, forming the intact cohesive end site
(cos).2 During the latter stages of infection, DNA replication
1 To whom reprint requests should be addressed. Fax: (303) 315-
6281. E-mail: carlos.catalano@uchsc.edu.
2 Abbreviations used: complex I, the binary terminase  DNA complex
that interacts with procapsids to initiate genome packaging; cos, co-
hesive end site, the junction between individual genomes in immature
concatemeric  DNA; cos-cleavage reaction, the site-specific endonu-
clease activity of  terminase that leads to the formation of complex I;© 2003 Elsevier Science (USA)
All rights reserved.
276ging; terminase enzyme.
proceeds via a rolling circle mechanism that gives rise to
linear concatemers of individual genomes linked in a head-
to-tail fashion (immature DNA). The replicated cos sites
represent the concatemeric joint, or the junction between
the left (DL) and right (DR) ends of individual  genomes.
The terminase enzyme is responsible for excision of a
single genome from the concatemer, and concomitant
packaging of the “matured” monomer into the capsid.
Genome packaging initiates with the assembly of the
terminase subunits (gpA, 73 kDa, and gpNu1, 20.4 kDa) at a
cos site of the DNA concatemer. Terminase introduces
symmetric nicks into the duplex 12 bases apart within the
cosN subsite (cos-cleavage), and ATP-dependent strand
separation by the enzyme yields complex I. This stable
nucleoprotein intermediate represents the mature left end
of the viral genome (DL) protected by the terminase sub-
units (Becker and Gold, 1975; Yang et al., 1997). ATP and E.
coli integration host factor (IHF) modulate terminase as-
sembly at cos, the nuclease activity of the enzyme, and the
stability of this packaging intermediate (Becker et al., 1997a;
Higgins and Becker, 1995; Rubinchik et al., 1994; Tomka
and Catalano, 1993b; Woods et al., 1997; Yang and Cata-
lano, 1997; Yang et al., 1997).
Complex I next binds to an empty procapsid which
triggers the release of terminase from cos and initiates
unidirectional translocation across the duplex. It is pre-
sumed that ATP hydrolysis powers the packaging ma-
chinery, and an ATPase catalytic site associated with
terminase genome packaging has been identified (Hang
et al., 2000). A direct demonstration of packaging-stimu-energetic cost of DNA packaging in bacteriophage . © 2
gpA, the large subunit of phage  terminase; gpNu1, the small subunit
of phage  terminase; IHF, E. coli integration host factor.
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lated ATP hydrolysis has been elusive, however (Cata-
lano, 2000).003 Else
packa
Translocation brings the packaging machinery to the
next downstream cos site in the concatemer (the end of
the viral genome). Terminase again introduces symmet-
rical nicks into the duplex at cosN, and enzyme-mediated
strand separation simultaneously releases a DNA-filled
capsid and regenerates complex I for a second round of
DNA packaging. Terminase-independent addition of a
preformed tail to the DNA-filled capsid yields an infec-
tious virus particle (Catalano, 2000; Catalano et al., 1995;
Murialdo, 1991).
The  packaging pathway has been studied using a
variety of in vitro packaging systems (Becker et al.,
1997a,b; Rubinchik et al., 1995). Most recently, these
assays have utilized purified terminase and procapsid
preparations (Hwang and Feiss, 1995). These studies
have demonstrated a strict requirement for terminase,
procapsids, and ATP, and have shown that IHF stimu-
lates the reaction. Historically, procapsids have been
purified from E. coli infected with a packaging-deficient
virus (i.e., A mutant phage). The yield of procapsids
from such infections is low, however, and their biological
activity has been questioned (Hwang and Feiss, 1995;
Rubinchik et al., 1995). Moreover, the efficiency of DNA
utilization in vitro has been quite low. This has hindered
a detailed biochemical characterization of the packaging
reaction.
Here we describe the construction of a vector that
expresses phage  procapsids in high yield. The vector
is devoid of all viral genes except for those directly
involved in procapsid assembly and maturation, thus
obviating possible contamination with inhibitory viral
gene products. Procapsids derived from this expression
system are highly active, and we have characterized the
packaging reaction in a biochemically defined in vitro
assay system.
RESULTS
Expression and purification of phage  procapsids
E. coli R594 ( cl857A
KS) represents a typical pro-
capsid expression vector currently available. Expression
and purification of procapsids from this vector as de-
scribed under Materials and Methods yielded 15 pmol of
purified procapsids per liter of cell growth (data not
shown). In order to improve this yield, we constructed a
procapsid expression vector (pT7Cap) as described un-
der Materials and Methods. The vector was designed
such that each gene in the operon retained its wild-type
Shine-Dalgarno sequence. We reasoned that this would
ensure natural expression of each capsid protein at
appropriate levels for optimal capsid assembly. IPTG
induction resulted in expression of gpE, the major capsid
protein, to a level of 10% of the total cell protein (Fig. 1A).
Most of the gpE protein remained in the clarified super-
natant obtained by low-speed centrifugation. The protein
partitioned into the pellet fraction obtained by ultracen-
trifugation, however, indicating that gpE was incorpo-
rated into higher-order macromolecular assemblies. Pro-
capsids were isolated by sucrose gradient yielding 70%
of the gpE in the procapsid-containing band.3 Purification
3 The remainder of the gpE migrated to the bottom of the gradient.
Electron microscopy showed the presence of a variety of aberrant
structures, in addition to structures with normal procapsid morphology.
FIG. 1. Expression and purification of bacteriophage  procapsids. (A)
SDS-PAGE analysis of procapsids expressed from E. coli R594 (
cl857A
KS) (lanes 1–3) and E. coli BL21 (DE3)[pLysS][pT7Cap] (lanes
4–6). M, protein molecular weight standards; S, procapsid standard; lanes
1 and 4, preinduction lysate; lanes 2 and 5, postinduction lysate; lanes 3
and 6, purified procapsids. Upper arrow indicates the position of gpE, the
major capsid protein. The gpD protein is also efficiently expressed in E.
coli BL21(DE3)[pLysS][pT7Cap] (lower arrow). (B) Electron micrograph of
procapsids purified from E. coli BL21(DE3)[pLysS][pT7Cap]. (C) Packaging
activity of the purified procapsid preparation. Lane 1, DNA standard (200
ngmature DNA) used as an internal standard to quantify packaged DNA;
lane 2, packaging reaction minus procapsids; lane 3, packaging reaction
using procapsids purified from E. coli BL21(DE3)[pLysS][pT7Cap]. In this
assay, free DNA is efficiently digested while DNA packaged into capsids
is rendered DNase resistant (arrow). Packaged DNA was quantified as
described under Materials and Methods.
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of the procapsids as described under Materials and
Methods yielded 600 pmol (10 mg) procapsids per liter of
cell growth. This represents a 40-fold increase over cur-
rently available vectors (vide supra). The preparation is
essentially homogenous, as determined by electron mi-
croscopy and SDS-PAGE analysis. Electron microscopy
further shows that procapsids expressed from pT7Cap
possess a morphology similar to that of “wild-type” pro-
capsids (Fig. 1B) (Hendrix et al., 1983).
In vitro packaging of mature  DNA
Procapsids expressed from pT7Cap are biologically
competent in the in vitro packaging assay (see Fig. 1C)
exhibiting an activity equal to that of wild-type procap-
sids (data not shown). Studies with bacteriophage 29
have demonstrated that a viral RNA transcript (pRNA)
plays a critical role in packaging the 29 genome (Guo
and Trottier, 1994). There does not appear to be a similar
pRNA requirement in  packaging, however, as follows.
(i) Strict precautions must be taken in the purification of
29 procapsids to prevent degradation of pRNA by ad-
ventitious RNases. No such precautions are necessary
for biological activity of purified  procapsids. (ii) Treat-
ment of purified  procapsids with RNase has no effect
on the observed packaging activity (data not shown).
Thus, unlike the phage 29 system there does not ap-
pear to be an RNase-accessible pRNA component in 
procapsids.
We next sought to optimize the in vitro packaging
reaction using purified components and mature  DNA
as the packaging substrate. The reaction is strictly de-
pendent on terminase, procapsids, and DNA, and the
packaging efficiency increases with increasing concen-
tration of each (Figs. 2A–2C). The packaging reaction is
also strictly dependent on ATP (Fig. 2D), and analysis of
the data yields an apparent half-saturation concentration
(C 1/ 2) of 20  1 M.
4 This value is similar to the Km for
ATP hydrolysis by the terminase gpA subunit (Km,gpA  5
M; (Hwang et al., 1995; Tomka and Catalano, 1993a)),
and is consistent with the demonstration of an ATPase
catalytic site in gpA that is associated with DNA pack-
aging (Hang et al., 2000). Deoxy-ATP fully supports the
reaction, while all other nucleoside triphosphates exam-
ined modestly support packaging (Table 1). ATP--S, a
poorly hydrolyzed ATP analog, does not support packag-
ing to any extent. Moreover, ATP--S strongly inhibits the
4 Slightly higher concentrations of ATP are required in our assay than
previously reported by Hwang and Feiss (1995). Our assay did not
incorporate an ATP-regenerating system, which likely resulted in an
artifactual increase in the amount of ATP required.
FIG. 2. Requirements for DNA packaging. The packaging reaction was conducted as described under Materials and Methods, with modification
as indicated in each panel. (A) Terminase was added at the indicated concentrations. (B) Procapsids were added at the indicated concentrations. (C)
Mature  DNA was added at the indicated concentrations. (D) ATP was added at the indicated concentrations.
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packaging reaction demonstrating direct competition
with ATP for the packaging machinery (Table 1).
IHF strongly stimulates the packaging reaction (Fig.
3A). While this has been observed previously (Becker et
al., 1977b; Hwang and Feiss, 1995; Rubinchik et al., 1995),
the degree of stimulation is significantly greater in the
studies presented here. Moreover, our results suggest
that lower concentrations of IHF are required to maxi-
mally stimulate the reaction (40 nM vs 250 nM; (Hwang
and Feiss, 1995)). The present results are consistent with
the estimated KD of IHF and cos-containing DNA (1–20
nM; (Kosturko et al., 1989; Wang et al., 1995)).
In summary, the yield of procapsids expressed from
pT7Cap is greatly increased from currently available vec-
tors. The requirements for DNA packaging using our
purified preparation closely mirror those previously ob-
tained with “natural” procapsids and mature  DNA as
the packaging substrate (Hwang and Feiss, 1995; Ru-
binchik et al., 1995). Under optimized conditions, 40% of
the input DNA is rendered DNase resistant which utilizes
4% of the input procapsids.
Specificity of DNA packaging
Restriction digestion of mature  DNA yields a number
of fragments, only one of which contains the cos se-
quence (DL, Fig. 3B and Table 2). The use of digested 
DNA as a packaging substrate allows an examination of
specific recognition of cos-containing DNA within an
excess background of nonspecific DNA. We first exam-
ined the reaction using HindIII-digested  DNA as a
packaging substrate. Terminase alone possesses a
weak and nonspecific packaging activity with all of the
DNA fragments equally, but poorly recognized by the
packaging apparatus (Fig. 3C, lane 3). IHF strongly and
specifically stimulates the packaging of the 23.1-kDa
cos-containing DNA fragment (DL, Fig. 3C, lane 4). Iden-
tical results are obtained using  DNA digested with
ApaI, StuI, NheI, and NarI; in all cases, IHF specifically
stimulates packaging of the DL fragment 6- to 8-fold
(Table 2).
Sodium chloride modestly stimulates the packaging
reaction (1.5-fold), but in a nonspecific manner (Fig. 3C,
lanes 3 and 5). Moreover, the specific stimulatory effect
of IHF is strongly attenuated by salt (Fig. 3C, compare
lanes 4 and 6). Polyamines at low concentrations (2 mM
spermidine, 5 mM putresceine) similarly promote non-
specific DNA packaging, while elevated concentrations
(6 mM spermidine, 10 mM putresceine) inhibit the reac-
tion (data not shown). As with salt, polyamines abrogate
the stimulatory effects of IHF (not shown).
In vitro packaging of complex I DNA
Packaging of  DNA in a natural infection involves
terminase assembly at an intact cos site, nicking of the
duplex, and strand separation to yield complex I. Procap-
sid binding to complex I promotes terminase transloca-
tion, and the packaging of downstream DNA. We used
EcoRI-linearized pCT- (Woods et al., 1997) in the pack-
aging reaction to provide a more “natural” DNA substrate.
This substrate provides an intact cos site for terminase
assembly and the formation of complex I through a
normal catalytic pathway (Fig. 4A). Preincubation of
pCT- with terminase results in greater than 90% of the
DNA incorporated to complex I within 30 min.5 Subse-
quent addition of procapsids results in selective pack-
aging of the downstream cos-containing product (8.7 kb,
Fig. 4A). Similar results were obtained using the plasmid
pAFP1 where a 1.1-kb cos-containing product is pack-
aged (Table 3). Importantly, IHF has no effect on the yield
of packaged DNA when the reaction is initiated with
complex I (not shown).
Packaging of DNA from complex I is strictly dependent
on procapsids and DNA and increases with increasing
concentrations of each (Figs. 4B and 4C). Of note is that
maximally 40% of the input DNA is rendered DNase
resistant, a result similar to that observed when mature
 DNA is used as the packaging substrate. Conversely,
the yield of packaged DNA approaches 13 nM in the
presence of 15 nM procapsids (Fig. 4C), suggesting that
the biological activity of the purified procapsids is ex-
tremely high.6
5 We have previously demonstrated that terminase-mediated duplex
nicking and strand separation reactions result in release of the DR
strand from the nucleoprotein complex (Yang et al., 1997). We refer to
this terminase  DL intermediate as complex I; however, it has not been
rigorously demonstrated that the in vitro complex is identical to com-
plex I isolated in vivo.
6 The data suggest that greater than 85% of the input procapsids are
packaging competent assuming that each capsid packages a single
DNA substrate. We note that we have not rigorously excluded the
possibility that multiple 8.7-kb DNA fragments are packaged into a
TABLE 1
Nucleotide Requirement for In Vitro DNA Packaging
Nucleotide added Relative packaging activity
1 mM ATP 100*
1 mM UTP 20
1 mM GTP 25
1 mM CTP 23
1 mM dATP 100
1 mM dGTP 18
1 mM ADP n.d.
1 mM ATP--S n.d.
1 mM ATP, plus 1 mM ADP 96
1 mM ATP, plus 1 mM ATP--S 77
1 mM ATP, plus 5 mM ATP--S 7
Note. The packaging reaction was performed as described under
Materials and Methods, except that the indicated nucleotide was
added. A 100% relative activity represents 0.34 nmol DNA packaged in
30 min.
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Kinetic analysis of DNA packaging
Figure 4D shows the time course for the reaction using
mature  DNA and complex I (pCT-) as packaging
substrates. Analysis of the data yields observed rates of
0.10  0.01 and 0.16  0.02 min1, respectively, for the
two substrates.
ATPase activity
The ATPase activity of  terminase has been previ-
ously characterized (Hwang et al., 1995; Tomka and
Catalano, 1993a; Woods and Catalano, 1999). The ob-
served rate of ATP hydrolysis by the holoenzyme is low
and inconsistent with that required to power DNA pack-
aging. It has been proposed, but never demonstrated,
that a significant increase in ATP hydrolysis is required
to drive the packaging machinery during active DNA
packaging (Hwang et al., 1995; Tomka and Catalano,
1993a). We therefore examined ATPase activity during
single procapsid. We do not feel that this is the case, however, as
follows. DNA substrates between 1.1 and 48.5 kb (full-length genome)
are packaged with similar efficiencies (30–40% based on DNA utiliza-
tion). If multiple fragments were packaged into a single procapsid, the
efficiency of DNA utilization would increase with decreasing substrate
size. This is not observed, however, and similar packaging efficiencies
are obtained with all of the DNA substrates examined regardless of
size. This suggests that packaging of multiple DNA substrates into a
single capsid does not occur (see also Discussion).
FIG. 3. (A) The packaging reaction was conducted as described under Materials and Methods with IHF added as indicated. (B) Restriction sites
in mature  DNA. Restriction digestion yields cos-containing fragments (DL) of length indicated with arrows. A complete list of the digestion fragments
is presented in Table 2 (legend). (C) Effects of IHF and salt on the packaging reaction. The packaging reaction was performed as described under
Materials and Methods using HindIII-digested  DNA as a packaging substrate. Lane 1 shows the DNA standard (200 ng HindIII-digested  DNA)
used as an internal standard to quantify packaged DNA. Lane 2, procapsids were excluded from the reaction mixture to show the efficiency of DNase
digestion. Lanes 3–6, NaCl (50 mM) and/or IHF (30 nM) was included as indicated.
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the packaging of mature  DNA. Figure 5A shows the
time course for ATP hydrolysis in the absence and pres-
ence of procapsids. In the latter case, mature  DNA is
efficiently packaged (not shown), yet there is no increase
in the observed rate of ATP hydrolysis. This result has
been observed previously (Hwang and Feiss, 1995; Ru-
binchik et al., 1995). It has been suggested that packag-
ing is asynchronous under these conditions, and that the
packaging ATPase is masked by background ATP hydro-
lysis (Hwang and Feiss, 1995). We reasoned that initia-
tion of the packaging reaction with the addition of pro-
capsids to preformed complex I would initiate a synchro-
nous wave of packaging, thus exposing packaging
ATPase activity. Figure 5B shows that under these con-
ditions, the observed ATP hydrolysis rates were 2.3 0.2
and 5.9  0.2 M/min in the absence and presence of
procapsids, respectively. These data clearly demonstrate
that ATP hydrolysis is strongly stimulated by DNA pack-
aging.
DISCUSSION
Genome packaging represents one of the final steps
in the assembly of many dsDNA viruses. In bacterio-
phage , the genome is excised from a concatemeric
precursor and concomitantly inserted into an empty pro-
capsid by the terminase enzyme. Understanding this
process at the molecular level requires a well-defined
biochemical assay system composed of highly purified
components. We have constructed a vector that effi-
ciently expresses  procapsids in E. coli. Importantly, the
operon contains only those genes required for procapsid
assembly, and is free of all other  genes whose expres-
sion might contaminate the procapsid preparations.
Moreover, the yield of procapsids expressed from this
vector is 40-fold greater than currently available expres-
sion systems. This makes the routine preparation of
large quantities of purified procapsids feasible, which
will be useful for biochemical, biophysical, and structural
studies on capsid morphogenesis and genome packag-
ing. Moreover, this capsid expression system joins a
limited number of systems where portals are assembled
into biologically active procapsids (Droge et al., 2000;
Droge and Tavares, 2000; Guo et al., 1991). This vector
will thus serve as an important tool in studies on capsid
assembly mechanisms.
In vitro DNA packaging
We have characterized the packaging reaction in vitro
using highly purified components in a defined biochem-
ical assay. The reaction is strictly dependent on termi-
nase, procapsids, ATP, and of course DNA. For each
component, the concentration dependence obtained in
our study is harmonious with previously published data
(Hwang and Feiss, 1995; Rubinchik et al., 1995). We have
further demonstrated that ATP--S strongly inhibits the
reaction, likely by direct competition with ATP for the
packaging ATPase catalytic site.
We have previously demonstrated that IHF stimulates
the cos-cleavage reaction (Tomka, 1994), presumably by
forming a binary complex that promotes terminase as-
sembly at cos (Kim and Landy, 1992; Moitoso de Vargas
et al., 1989; Nash, 1996). The data presented here dem-
onstrate that IHF also stimulates the packaging of DNA
containing a matured left end (DL), but not nonspecific
DNA. Again, this likely results from the formation of a
binary IHF  cos DNA complex that is specifically recog-
nized by terminase to initiate packaging. Conversely, IHF
does not stimulate the packaging reaction once complex
I has been assembled. This suggests that IHF promotes
terminase assembly at cos, but does not play a role in
active DNA packaging. Indeed, it is likely that IHF must
dissociate from cosB to allow the packaging machinery
to package downstream DNA. This may explain the in-
hibitory effect of elevated concentrations of IHF on the
packaging reaction.
Limitations on packaging efficiency
In vitro packaging of mature  DNA is incomplete with
maximally 40% of the input DNA rendered DNase resis-
tant. This has been noted previously, and the biological
competence of purified  procapsids has been called
into question (Hwang and Feiss, 1995; Rubinchik et al.,
1995). We show here, however, that the purified procap-
sids are highly active. Importantly, DNA substrates be-
tween 1.1 and 48.5 kb (full-length genome) are packaged
with similar efficiencies. A priori, one would expect that
multiple 1.1-kb fragments could be packaged into a sin-
gle capsid resulting in higher efficiencies with the
smaller substrates (based on DNA utilization). This is not
TABLE 2
Substrate Specificity for In Vitro DNA Packaging Activity
Packaging
substrate Size (DL)
DL packaged
a
Minus IHF Plus IHF
Full-length  DNA 48.5 kb 0.08 0.5 nM
NarI digested 45.7 kb 0.06 0.5 nM
NheI digested 34.7 kb 0.05 0.4 nM
HindIII digested 23.1 kb 0.05 0.4 nM
StuI digested 12.4 kb 0.05 0.4 nM
ApaI digested 10.1 kb 0.06 0.5 nM
Note. The packaging reaction was conducted as described under
Materials and Methods except that restriction-digested  DNA (1.5 nM)
was used as the packaging substrate, as indicated. Restriction diges-
tion fragments were as follows, with the cos-containing fragment (DL)
indicated with an asterisk: NarI: 45680* and 2822 bp; NheI: 34679* and
13823 bp; HindIII: 23131*, 9416, 6682, 4360, 2322, 2027, and 564 bp; StuI:
19044, 12437*, 7885, 6995, 1519, 604, and 18 bp; ApaI: 38412 and 10090*
bp. IHF (30 nM) was included in the reaction mixture, as indicated. In
no case did IHF stimulate packaging of nonspecific DNA fragments.
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the case, however, and the data suggest that once a
capsid interacts with complex I further packaging does
not occur. A feasible explanation for this observation is
that terminase “stalls” at the end of the packaged DNA,
precluding further packaging events. In vivo, the viral
gpW protein adds to the capsid to stabilize the packaged
FIG. 4. DNA packaging from complex I. (A) Complex I was prepared as described under Materials and Methods using 50 nM terminase and 25
nM pCT-, which yielded 23 nM complex I (lane 1, 400 ng DNA standard used to quantify packaged DNA). In the absence of procapsids, the DNA
is completely degraded (data not shown). Procapsids (15 nM) were added and the packaging reaction was allowed to proceed for 30 min at room
temperature. DNase-resistant DNA is shown in lane 2. Note that the DR fragment is also packaged to a limited extent. Terminase was added in excess
of the DNA substrate in order to generate stoichiometric concentrations of complex I, and packaging of DR may reflect nonspecific packaging activity
of terminase free in solution. (B) The packaging reaction was performed as in panel A, except that procapsids were included at the indicated
concentration. (C) Complex I was prepared as described under Materials and Methods using the indicated concentrations of pCT- and excess
terminase (E). The data were taken from Table 3 and Fig. 4D. The filled circle (F) indicates packaging of 1.5 nM mature  DNA assuming complete
conversion to complex I. (D) Time course of the packaging reaction using mature  DNA (E) and complex I (F). The reaction conditions were as
described under Materials and Methods, except that 100 nM pCT- and 200 nM terminase was used yielding 75 nM complex I. Procapsids (15 nM)
were then added, aliquots were removed at the indicated times, and DNase-resistant DNA quantified as described. The packaging time course was
fit to a single exponential function using nonlinear regression methods as previously described (Tomka and Catalano, 1993b).
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DNA and together with the gpFII protein provides a
docking site for tail attachment (Casjens et al., 1972;
Sternberg and Weisberg, 1977). We suggest that gpW
may further play a role in terminase release from the
capsid end to allow multiple packaging cycles.
Control experiments have demonstrated that limited
packaging does not result from depletion of a reaction
component, from instability of a reaction component, or
from product (ADP) inhibition. What then limits the pack-
aging reaction? First, it is conceivable that a large frac-
tion of the input DNA is defective in the packaging
reaction. This is unlikely, however, as essentially identi-
cal packaging efficiencies are observed with a variety of
DNA substrates obtained from different sources. A sec-
ond possibility is that a large fraction of the packaging
complexes formed in vitro are defective, a situation that
is similarly observed in the in vitro assembly of transcrip-
tion complexes (Kugel and Goodrich, 1998). Presumably,
this “dead-end” complex7 sequesters DNA in a form that
is resistant to packaging, and thus limits DNA utilization.
Finally, it is feasible that a critical packaging component
is missing from the in vitro reaction mixtures. A reason-
able candidate is the phage  gpFI protein. GpFI stimu-
lates packaging in vivo (Davidson and Gold, 1987), but
the mechanism of this stimulation remains vague. We
have previously suggested that gpFI promotes terminase
release from cos to allow translocation of the packaging
machinery (Catalano and Tomka, 1995). An alternate
mechanism proposes that gpFI promotes procapsid
binding to complex I, thus stimulating the packaging
reaction (Becker et al., 1988). In either case, gpFI is
predicted to stimulate the packaging reaction by increas-
ing complex I utilization. Importantly, the above sugges-
tions are not mutually exclusive, and the existence of an
off-pathway complex opens the possibility that gpFI may
act as a “chaparone,” guiding terminase assembly at cos
toward a productive packaging complex.
7 The term “dead-end” complex is not meant to imply the presence of
a single nucleoprotein complex. Indeed, a variety of defective com-
plexes may be assembled in vitro.
TABLE 3
DNA Packaging from Complex I
Substrate [Complex I]a Size (DL)
b
DL packaged
(nmol)
pCT- 20 nM 8.7kb 5e
pCT-c 48 nM 8.7kb 11 f
pAFP1d 60 nM 1.1kb 11e
a The cos-cleavage reaction was performed with the indicated DNA
substrate, and the yield of complex I was quantified as described under
Materials and Methods. Procapsids (15 nM) were then added, and the
packaging reaction was performed as described.
b The size of the cos-containing fragment (DL) in complex I.
c The cos-cleavage reaction was performed as described under
Materials and Methods, except that 50 nM pCT- was used.
d ScaI-linearized pAFP1 was used as the DNA substrate. pAFP1 is a
2.9-kb plasmid that contains the entire cos sequence in a pUC back-
ground (Cue and Feiss, 1992). Cleavage at the cos sequence yields 1.8
kb and 1.1 DR and DL fragments, respectively, analogous to pCT- (see
Fig. 4A).
e The amount of DNA packaged represents the average of four
separate experiments.
f The amount of DNA packaged determined from a single experi-
ment.
FIG. 5. (A) Terminase ATPase activity during the packaging of mature
 DNA. The reactions were performed as described under Materials
and Methods in the absence (E) and presence (F) of purified capsids
(15 nM). The observed rates for ATP hydrolysis were 2.50  0.04 and
2.49  0.06 M/min in the absence and presence of procapsids,
respectively. Procapsids alone (‚, no terminase) hydrolyzed ATP at an
observed rate of 0.16  0.03 M/min. (B) Terminase ATPase activity
during packaging from complex I. Complex I was formed in situ using
50 nM terminase and 25 nM pCT- DNA as described under Materials
and Methods. Greater than 90% of the DNA was incorporated into
complex I at 30 min (not shown). Buffer (E) or 15 nM procapsids (F)
was then added (T  0), and ATP hydrolysis quantified as described.
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The packaging ATPase
Terminase possesses ATPase catalytic sites that mod-
ulate the nuclease activity of the enzyme, that drive the
strand separation activity of the enzyme, and that power
translocation during active DNA packaging (Catalano,
2000; Catalano et al., 1995). Feiss and co-workers have
clearly demonstrated that the ATPase catalytic site for
DNA packaging is distinct from that required for strand
separation and nuclease activities of the enzyme (Hang
et al., 2000). Mutation of Tyr46 or Lys84 in the terminase
gpA subunit strongly affects ATP hydrolysis by this sub-
unit, and packaging activity by the enzyme shows severe
defects. While the packaging ATPase catalytic site has
been identified, a direct demonstration of packaging-
stimulated ATP hydrolysis has been elusive. Indeed, the
measured rate of ATP hydrolysis by terminase holoen-
zyme is far too low to account for that required for
packaging (Hwang et al., 1995; Tomka and Catalano,
1993a; Woods and Catalano, 1999). It has been pre-
sumed that ATP hydrolysis is strongly stimulated in the
packaging complex, though this has never been demon-
strated. Consistent with previous work, we have shown
that the observed rate of ATP hydrolysis is unaffected by
procapsids under conditions known to promote packag-
ing of mature  DNA. The following may account for this
discrepancy. (i) Full-length  DNA may be packaged in
less than 2 min in vivo (Hohn, 1975), while DNA packag-
ing continues for up to 15 min in vitro. This suggests that
packaging is asynchronous in vitro; not all of the termi-
nase complexes are packaging at the same time. (ii) The
extent of the reaction suggests that maximally 40% of the
terminase   DNA complexes are packaging competent.
These two factors limit the number of actively packaging
complexes present at any given time, and it is likely that
any increase in ATP hydrolysis is lost in the background.
We have demonstrated, however, that ATP hydrolysis is
significantly stimulated when packaging is initiated with
the addition of procapsids to complex I. Under the con-
ditions used in this experiment, 6 nM DNA is packaged,
which reflects the presence of 6 nM packaging-compe-
tent complexes. The ATPase activity is stimulated 2.6-
fold, representing an increase in the observed rate of 3.6
M/min1. This corresponds to an ATP hydrolysis rate of
600 min1 per packaging complex, and a 6- to 10-fold
increase in ATPase activity. This value is in close agree-
ment with that predicted of a packaging ATPase (Cata-
lano et al., 1995; Hwang and Feiss, 1995).
The packaging ATPase consumes 108 M ATP during
the 30-min time course and 6 nM pCT- is rendered
DNase resistant. The DL fragment in pCT- is 8700 bp in
length corresponding to 52.2 M bp DNA packaged.
Thus, roughly 2 mol of ATP are hydrolyzed per mole of
base pair packaged. This value is 4-fold greater than that
reported for the phage T3 (Morita et al., 1993) and phage
29 (Guo et al., 1987) packaging systems. The value
obtained here may be an overestimation, however, as
was first observed with bacteriophage T3. Fujisawa and
co-workers demonstrated that T3 terminase possesses a
background ATPase that is superimposed on that re-
quired to package DNA (Morita et al., 1993). Indeed,
specific inhibitors were required to quantify ATP hydro-
lyzed during packaging (Morita et al., 1993). It is possible
that the situation is similar with , and that the stoichi-
ometry of ATP hydrolyzed to base pair packaged re-
ported here is elevated. Whatever the case, these data
provide the first direct evidence for packaging-stimulated
ATP hydrolysis in the phage  system.
MATERIALS AND METHODS
Tryptone, yeast extract, and agar were purchased from
DIFCO. Restriction enzymes were purchased from Pro-
mega. DEAE-Sepharose FF and SP-Sepharose FF chro-
matography resins were purchased from Pharmacia. Re-
striction enzymes were purchased from Promega. Radio-
labeled nucleotides were purchased from Amersham-
Pharmacia. Unlabeled nucleotides were purchased from
Boehringer Mannheim Biochemicals. Silica TLC plates
were purchased from J.T. Baker. All other materials were
of the highest quality commercially available.
UV-VIS absorbance spectra were recorded on a
Hewlett-Packard HP8452A spectrophotometer. Sucrose
gradient centrifugation was performed on a Beckman
Model L3-50 ultracentrifuge. Bacterial cultures were
grown in shaker flasks utilizing a New Brunswick Scien-
tific Series 25 incubator-shaker. Protein purification uti-
lized a Pharmacia FPLC system, which consisted of two
P500 pumps, a GP250-plus controller, a V7 injector, and
a Uvicord SII variable wavelength detector. Automated
DNA sequence analysis was performed by the University
of Colorado Cancer Center Macromolecular Resources
Core facility. Both strands of the duplex were examined
to ensure the expected DNA sequence.
Bacterial strains, DNA preparation, and protein
purification
E. coli BL21 (DE3)[pLysS] cells were a generous gift of
D. Kroll (University of Colorado Health Sciences Center,
Denver, CO). All synthetic oligonucleotides used in this
study were purchased from Gibco/BRL, and were used
without further purification. Plasmid pAFP1, kindly pro-
vided by M. Feiss (University of Iowa, Iowa City, IA), was
purified from the E. coli cell line JM107[pAFP1]. Plasmid
pCT- was purified from the E. coli cell line DH5[pCT-]
(Woods et al., 1997). All plasmid purification’s utilized
Qiagen DNA Prep columns as described by the manu-
facturer. Mature  DNA was purchased from Gibco/BRL.
Purification of hexahistidine-tagged terminase holoen-
zyme was performed as previously described (Hwang et
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al., 1999). The concentration of catalytically active termi-
nase was determined by active-site titration experiments
(Tomka and Catalano, 1993b; Woods et al., 1997). E. coli
integration host factor was purified from the overex-
pressing strain HN880 (generously provided by H. Nash,
National Institutes of Health, Bethesda, MD) by the
method of Nash et al. (Tomka and Catalano, 1993b). All of
our purified proteins were homogenous as determined
by SDS-PAGE. Wild-type  procapsids were isolated from
E. coli R594 ( cl857A
KS) cells as described previously
(Hwang and Feiss, 1995; Tomka, 1994).
Construction of a procapsid operon
The procapsid expressing operon was constructed
using PCR methods previously described (Meyer et al.,
1998; Yang et al., 1999a,b). Mature  DNA was used as a
PCR template with the following primers; forward primer:
5-TTC TCC TCT AGA GAC CGG CAT GAC ACA GCG-3;
reverse primer: 5-CTT CCT GGA TCC TTA CGC CAG
TTG TAC GGA-3. Complementary sequences in the for-
ward primer ( sequence 2791–2808) and the reverse
primer ( sequence 7143–7157) are underlined. The stop
codon in the reverse primer is indicated in bold type. The
XbaI restriction sequence in the forward primer is itali-
cized. PCR amplification yielded the expected 4.4-kb
product containing the phage lambda B, C, Nu3, D, and
E genes, along with the appropriate Shine-Dalgarno se-
quences. The PCR product was cloned into pGEM-T
vector (Promega) yielding pGEM-Cap1, which was used
to transform DH5 cells. Plasmid DNA was isolated from
ampicillin-resistant colonies and restriction analysis con-
firmed the presence of the insert. Sequence analysis
confirmed that the 400 upstream bases and 640 down-
stream bases of the insert were wild type. Mature  DNA
was digested with Eco1091 and AflII and the 3.7-kb
fragment isolated. This was cloned into similarly di-
gested pGEM-Cap1 yielding pGEM-Cap2. This step re-
placed the bulk of the insert with authentic  DNA, thus
obviating the need to sequence the entire insert. pGEM-
Cap2 was digested with XbaI and SalI, and the 4.4-kb
fragment (containing the entire capsid operon) was
cloned into similarly digested pKKT7. This plasmid is a
derivative of pKK223-3 originally developed by Studier
and co-workers (S. Schultz, personal communication;
Studier et al., 1990). The resulting plasmid (pT7Cap) was
used to transform BL21 (DE3)[pLysS] cells, and transfor-
mants were selected by ampicillin resistance.
Expression and purification of procapsids
One liter of 2X-YT media, pH 7.5, containing 25 mM
potassium phosphate, 5 mM glucose, and 50 g/ml
ampicillin was inoculated with a 10 ml overnight culture
of E. coli BL21(DE3)[pLysS][pT7Cap] cells derived from
an isolated colony. The culture was maintained at 37°C
until an OD of 0.6 (600 nm) was obtained. IPTG (1.2 mM)
was added to the mixture and the cells were maintained
at 37°C for an additional 2 h. The cells were then har-
vested by centrifugation. Unless otherwise indicated, all
subsequent steps were performed at 0–4°C.
The cell pellet was resuspended in 50 ml ice-cold TMS
buffer (50 mM Tris-HCl, pH 8.0, 10 mM MgCl2, 100 mM
NaCl), the cells were lysed by sonication, and the crude
lysate was clarified by centrifugation (8K g, 10 min).
SDS-PAGE analysis of the clarified lysate demonstrated
the presence of gpE (major capsid protein) and gpD (see
Fig. 1A). The supernatant was spun at high-speed (130K
g, 3 h), which pelleted the procapsids. The pellet was
taken into 5 ml TMS buffer and applied to a 10–40%
sucrose gradient in the same buffer. The sample was
spun (130K g) for 3 h, at which point the procapsid band
was visualized in ambient light. The band was harvested
by aspiration and dialyzed against TMB buffer (50 mM
Tris-HCl, pH 8.0, 15 mM MgCl2, 7 mM -ME). The dia-
lyzed procapsids were loaded onto a 50 ml DEAE-Sepha-
rose column equilibrated with TMB and the column was
developed with a 0–250 mM NaCl gradient. The procap-
sid-containing fractions (50 mM NaCl) were pooled, dia-
lyzed against TMB buffer, concentrated using an Ultra-
free-15 filtration device (Millipore), and stored at 4°C.
An extinction coefficient for purified procapsids was
determined by the method of Gill and von Hippel (1989,
1990). An individual capsid was assumed to contain 420
copies of gpE, 12 copies of gpB, and 12 copies of gpC
(Murialdo and Siminovitch, 1972), yielding 280  16.65
M1 cm1 (6 M guanidinium hydrochloride). The con-
centration of our purified procapsid preparation deter-
mined using this extinction coefficient was 195 nM.
GpD purification
The phage  gpD protein is strongly expressed by
pT7cap (see Fig. 1A), and the protein was purified from
the cell lysis supernatant as follows. The supernatant
was dialyzed against TMB buffer and then loaded onto a
50 ml DEAE-Sepharose column equilibrated with the
same buffer. The gpD protein was found in the
flowthrough fraction, which was collected and heated to
50°C for 15 min. Aggregated protein was removed by
centrifugation (17K g, 20 min), and ammonium sulfate
was added to the supernatant to 50% saturation. Insolu-
ble protein was removed by centrifugation (27K g, 30
min), and ammonium sulfate was added to the superna-
tant to 90% saturation. The precipitated gpD protein was
collected by centrifugation (30K g, 60 min). The pellet
was resuspended and dialyzed against 50 mM sodium
acetate, pH 4.8, buffer. Insoluble protein was removed by
centrifugation (17K g, 20 min) and the gpD-containing
supernatant was loaded onto a 50-ml SP-sepharose col-
umn equilibrated with the same buffer. The column was
developed with a 0–125 mM sodium chloride gradient.
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GpD-containing fractions (50 mM NaCl) were pooled,
dialyzed against 20 mM Tris buffer, pH 7.5, and concen-
trated using an Ultrafree-4 centrifugal filtration device
(Millipore). The concentrated protein (8.4 mg/ml, 720 M)
was stored at 80°C.
DNA packaging assay using mature  DNA
Unless otherwise indicated, the packaging reactions
(20 l) contained 50 mM Tris-HCl buffer (pH 8.0), 10 mM
MgCl2, 2 mM spermidine, 1 mM ATP, 30 nM IHF, 6.75 M
gpD, 1.5 nM mature  DNA, and 15 nM procapsids. The
reaction was initiated with the addition of terminase to 35
nM, and the mixture was incubated at room temperature
for 30 min. DNase was then added to 10 g/ml and
incubated at room temperature for 5 min. The reaction
mixture was extracted with phenol-chloroform, and the
aqueous phase removed and analyzed by 0.8% agarose
gel. Unless otherwise indicated, the amount of DNA
packaged was quantified using video densitometry as
previously described (Tomka and Catalano, 1993b;
Woods et al., 1997). Mature  DNA (200 ng) or HindIII-
digested  DNA (200 ng) was loaded onto each gel, as
appropriate, and was used as a reference standard for
quantitation.
DNA packaging assay using complex I
Unless otherwise indicated, complex I was formed in
situ with the addition of 45 nM terminase to 25 nM pCT-
in 20 mM Tris-HCl buffer, pH 8.0, 10 mM MgCl2, 2 mM
spermidine, 7 mM -ME, and 1 mM ATP. The reaction
was allowed to proceed at 37°C for 30 min and the
extent of cos-cleavage was quantified as previously de-
scribed (Tomka and Catalano, 1993b; Woods et al., 1997).
Packaging of DNA from complex I was then initiated with
the addition of procapsids (15 nM) and the reaction was
allowed to proceed at room temperature for 30 min.
Packaged DNA was quantified as described above using
400 ng terminase-digested pCT- as reference standard.
ATPase activity assay
The reaction mixtures were as described for the cos-
cleavage assay above, except that 1 mM [32P]ATP was
included. Aliquots (2 l) were removed at the indicated
times and the reaction was stopped with the addition of
an equal volume of 100 mM EDTA. The quenched reac-
tion mixture was spotted on a silica gel TLC plate which
was developed with buffer A (125 ml isopropanol, 60 ml
NH4OH, 15 ml water). ADP formation was quantified
using a Molecular Dynamics Phosphorimaging system
and the ImageQuant software package as previously
described (Hwang et al., 1995; Tomka and Catalano,
1993a).
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